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The ease with which Zebra Finches can be kept and bred in captivity, in combination 
with their short generation time, makes them a particularly suitable model for avian 
quantitative genetic studies. After a brief introduction into some basic quantitative 
genetic concepts, we here provide an up-to-date overview of quantitative genetic 
studies in Zebra Finches. We discuss what these studies can teach us about the 
evolutionary and behavioural ecology of Zebra Finches and song birds in general, and 
make suggestions for future research. Throughout this article we plead for a greater 
appreciation of the advantages offered by working on captive bird systems, but also 
discuss their limitations. While quantitative genetic analyses in natural bird 
populations are becoming increasingly powerful, these studies lack the experimental 
control, together with the possibility to describe an individual’s phenotype in 
exceptional detail throughout its full life-cycle. However, unlike in most studies on 
free-living populations, obtaining biologically meaningful estimates of the type and 
strength of selection acting on phenotypic variation is, arguably, more difficult in a 
captive environment. Hence, quantitative genetic studies in the wild and captivity 
each have their unique strengths and weaknesses and should be considered 
complementary rather than opposing. As yet, however, while quantitative genetic 
studies in the wild have boomed during the last half decade, the unique advantages 
offered by captive Zebra Finches have remained relatively underexploited. Here we 
make a first careful attempt at changing this by highlighting what we believe may be 
fruitful lines for future research.  
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The main requirement for evolution is that there is a genetic component to the 
phenotypic variation that natural, sexual or human-induced selection is acting upon. 
In other words, a trait has to be heritable to be able to respond to selection (i.e. to 
evolve). The rate of evolutionary change is given by the proportion of the phenotypic 
variance that has a genetic basis, referred to as the heritability or h2, and the selection 
differential, which measures the strength and direction of selection acting on a trait 
(Falconer and Mackay 1996). Different traits may however be determined partly by 
the same genes, or by genes that are located close to each other and often inherited 
together. This results in genetic correlations among traits, which may be either 
positive or negative. Given that genetically correlated traits are no longer free to 
evolve independently, such genetic correlations may constrain or accelerate the 
response to selection (Price and Langen 1992; Blows and Hoffmann 2005). Hence, 
the genetic structure underlying ecologically and evolutionary important traits is a 
major determinant of both the rate and the direction of evolutionary change. To 
understand evolutionary processes in natural as well as captive populations, we 
therefore need to quantify not only the type and strength of selection, but also the 
genetic variances and covariances underlying the traits of interest (Falconer and 
Mackay 1996; Lynch and Walsh 1998; Blows and Hoffmann 2005; Kruuk et al. 
2008). 
How heritabilities and genetic correlations are estimated 
The estimation of the amount of genetic variation that is underlying the phenotypic 
variation we see in a population (i.e. the heritability) is based on measuring the 
phenotypic resemblance among relatives. If differences among individuals in, for 
example, bill colour are partly due to genetic differences among them (i.e. the trait is 
heritable), then we expect related individuals (who partly share the same genes) to 
have bills of a similar colour. How similar they are depends on both their degree of 
relatedness and on the relative importance of genes versus the environment in 
determining bill colour. Hence, knowledge of the phenotypic resemblance among 
relatives (described by the covariance among them) and their relatedness (e.g. 0.5 for 
parents and their offspring) can provide us with an estimate of the heritability of a 
trait. Genetic correlations among traits are estimated following a similar principle, 
only in this case we measure the resemblance among relatives for two different traits 
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(e.g. bill colour and body size) (Lynch and Walsh 1998). 
 Because relatives normally share not only a part of their genes, but also a part 
of the environment they are exposed to (e.g. siblings growing up in the same nest), it 
is difficult to separate genetic and environmental effects in a non-experimental set-up. 
Approaches used to disentangle genetic and environmental sources of variation 
include cross-fostering, in which siblings are swapped among broods, or more or less 
complex breeding designs, e.g. half-sib designs, in which a male is mated to several 
females (Lynch and Walsh 1998). Both approaches are frequently used in Zebra Finch 
studies (see e.g. Price 1996; Birkhead et al. 2005; Forstmeier 2005; Tschirren et al. 
2009a). Nevertheless, they have their limitations. For example, although cross-
fostering designs are able to detect additive genetic effects, their power to estimate 
other sources of quantitative genetic variation (e.g. dominance effects, genetic 
maternal effects) is low. Also, they cannot account for early environmental effects 
(i.e. environmental effects on nestlings before cross-fostering) or early maternal 
effects (e.g. differential maternal egg investment). The latter is especially troublesome 
given the growing number of studies demonstrating the important role of prenatal 
maternal effects in shaping offspring phenotype in Zebra Finches and other organisms 
(see e.g. Griffith and Buchanan 2010).  
 Animal model methodology, originally developed for animal and plant 
breeding, has recently found its way into Zebra Finch research (e.g. Airey et al. 
2000b; Birkhead et al. 2005; Forstmeier 2005; Rønning et al. 2007). Rather than 
using only the resemblance among only one class of relatives (e.g. parents and 
offspring or brothers and sisters), animal model methodology simultaneously uses all 
available information, irrespective of the degree of relatedness. Given a sufficient 
pedigree width and depth, this allows for the partitioning of additive genetic and 
environmental variation (see Postma and Charmantier (2007) for an accessible 
introduction into animal model methodology for ornithologists). However, although 
in theory an animal model can provide estimates of genetic variation and covariation 
that are both more precise and more accurate, and allows for the explicit modelling of, 
for example, environmental and genetic maternal effects (Wilson et al. 2005), it is 
important to realise that in practice this is wholly dependent on the quality, amount 
and structure of the data (Kruuk and Hadfield 2007).  
A fundamentally different but potentially powerful approach to estimate 
heritabilities and genetic correlations follows from the fact that, as pointed out above, 
 4
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
the response to selection is a product of the heritability and the selection differential. 
By imposing artificial selection upon the trait of interest, and carefully recording the 
response to selection we can estimate the so-called realised heritability of a trait. 
Similarly, we can test for correlated responses in other traits and estimate genetic 
correlations. Unfortunately, however, such selection experiments are both time and 
labour intensive, and so far only one study has established Zebra Finch selection lines 
to tackle questions in evolutionary ecology research (Evans et al. 2006). 
Quantitative genetics studies in Zebra Finches 
At least partly thanks to some of the methodological advances outlined above, 
quantitative genetic studies have flourished during the last decade. In the following 
section, we present an overview of recent studies that have estimated heritabilities and 
genetic correlations for a range of morphological, physiological and sexually selected 
traits in captive Zebra Finches. 
Quantitative genetics of morphology  
The genetics of morphological traits has been studied extensively, both in captive and 
natural bird populations (Merilä and Sheldon 2001). The morphological traits that 
have been under investigation in Zebra Finches range from ‘classical’ morphological 
traits (e.g. metatarsus length, wing length, head-beak length or body mass) to more 
‘exotic’ traits such as brain mass, digit ratio (i.e. the relative length of the second to 
the forth toe) or sperm morphology (Table 1). Although morphological traits typically 
show relatively little phenotypic variation, with coefficients of phenotypic variation 
(CVP, the square-root of the phenotypic variance divided by the mean trait value times 
100%) around 5-10%, most of this variation has a genetic basis. Heritabilities are 
generally moderately high to high (Table 1, Fig. 1) and similar in size to those 
reported for wild bird populations (median h2 ≈ 0.5) (Merilä and Sheldon 2001). 
Notable exceptions are the heritability of digit ratio, which, with estimates ranging 
between 0.71* and 0.84* (* indicating p ≤ 0.05 throughout this review) when data on 
males and females were combined, is very high. Body condition (i.e. residual body 
mass) on the other hand had a comparatively low heritability of 0.16 (Table 1).  
 In some studies, maternal effects on trait expression have been explicitly 
modelled. However, whereas there was some evidence for the presence of genetic 
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maternal effects on sperm flagellum length (Birkhead et al. 2005), there was no 
evidence for maternal effects on offspring digit ratio (Forstmeier 2005), body 
condition, body mass or body size (Gleeson et al. 2005; Birkhead et al. 2006). 
Gleeson et al. (2005) also made an attempt to estimate how much of the variance in 
body condition could be attributed to dominance effects, which was small and non-
significant. 
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 Genetic correlations between morphological traits were generally positive and 
ranged from rg = 0.18* (body mass and tarsus length, Rønning et al. 2007), to rg = 
0.76* (body mass and head length, Rønning et al. 2007). However, for sperm traits 
genetic correlations were negative and ranged from rg = – 0.28* to –0.97* (Birkhead 
et al. 2005). In addition to genetic correlations between morphological traits (see 
studies above), Forstmeier (2005) estimated genetic correlations between 
morphological and behavioural traits. He observed a negative genetic correlation 
between digit ratio and female hopping activity (a proxy of sexual behaviour or 
general activity) (rg = – 0.24*) and a positive genetic correlation between digit ratio 
and male song rate (rg = 0.29, p = 0.071). 
Quantitative genetics of physiology  
Metabolic rate 
Basal metabolic rate (BMR) can be considered as a measure of the basic costs of 
living, and shapes the behaviour, ecology and life history of an individual. Not 
surprisingly, BMR is one of the most widely measured physiological traits in birds 
(e.g. Nilsson and Råberg 2001; Nilsson 2002; Klaassen et al. 2004). Nevertheless, 
estimates of genetic variation in BMR remain rare. Rønning et al. (2005) found 
significant intra-individual repeatabilities for BMR over a short (1.5 months, r = 0.41 
– 0.50*) and long (2.5. years, r = 0.47 – 0.52*) period in both male and female Zebra 
Finches. Furthermore, in a subsequent 3-generation breeding experiment, BMR was 
found to be significantly heritable (h2 = 0.25*) (Rønning et al. 2007). Importantly, 
however, there were strong and significant genetic correlations between BMR and 
head length (rg = 0.75*), tarsus length (rg = 0.43*), wing length (rg = 0.51*) and body 
mass (rg = 0.91*) (Rønning et al. 2007), indicating that the potential for evolutionary 
change of BMR independent of body mass and size is limited. Indeed, the heritability 
of BMR was considerably lower (h2 = 0.04) when heritable variation in body mass 
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was accounted for. 
Maternal effects mediated through the deposition of variable amounts of yolk 
androgens into the eggs have been found to influence BMR in Zebra Finches (Tobler 
et al. 2007), and they might at least partly contribute to the heritable variation in BMR 
observed by Rønning et al. (2007). Unfortunately, Rønning et al. (2007) were unable 
to control for such effects because their statistical models did not converge when 
maternal identity was included as an additional random factor. Within this context it is 
interesting to note that in another bird species maternal deposition of yolk androgens 
has been found to have a heritable basis itself (Tschirren et al. 2009b). Thus, even if 
the apparent heritable variation in BMR could fully be explained by maternal effects, 
BMR could still be shaped by selection acting on heritable variation in maternal egg 
investment.  
It is only very recently that the first heritability estimate of resting metabolic 
rate (RMR) in a wild bird population (in Blue Tits, Cyanistes caeruleus) has been 
published (Nilsson et al. 2009). While they found a heritability that was twice as high 
(h2 = 0.55*), the coefficients of additive genetic variation was in fact larger for Zebra 
Finch BMR (Zebra Finch: 4.9 (Table 1); Blue tit: 3.7 (Nilsson et al. 2009)). 
Furthermore, unlike in Zebra Finches, they found little evidence for genetic variation 
in body size to be an important determinant of genetic variation in Blue tit RMR. 
Stress hormones 
Another physiological trait that has received much attention because of its important 
role in the neuro-endocrine response of vertebrates to environmental stressors is the 
production of gluccocorticoids, with corticosterone being the main gluccocorticoid in 
birds (Silverin 1998). Evans et al. (2006) selected duplicate lines of Zebra Finches for 
both low and high peak corticosterone responses to a mild stressor (i.e. holding the 
bird in a bag for 20 minutes) over four generations and found a realized heritability of 
peak corticosterone titre of h2 = 0.10–0.24* in the high lines and h2 = 0.08-0.14 in the 
low lines. This is similar or somewhat lower than the heritability estimates of peak 
corticosterone response estimated from Japanese Quail breeding lines (h2 = 0.14-
0.30*) (Odeh et al. 2003). No correlated response to the selection regime was 
observed in testosterone titres of adult males, or life history traits such as clutch size, 
number of clutches or broods produced per pair, number of fledglings produced per 
breeding attempt or egg, nestling and fledging mortality (Evans et al. 2006), 
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indicating that genetic correlations between corticosterone production and these traits 
are weak at most. However, it should be noted that there is considerable temporal 
variation in hormone titres, which might reduce the power to detect (genetic) 
correlations between hormones as well as between hormone titres and life history 
traits. 
Immune defense 
Both Gleeson et al. (2005) and Birkhead et al. (2006) estimated heritabilities of a 
number of measures of immune response (i.e. PHA response, antibody response 
against diphtheria and tetanus), and genetic correlations between immune response 
indices and morphological traits. Gleeson et al. (2005) found PHA response to be 
highly heritable (h2 = 0.76*), and whereas there was a strong positive genetic 
correlation between PHA response and body condition (rg = 0.75*), there was a 
negative genetic correlation between PHA response and growth. This genetic trade-
off may place an important constraint on the evolution of immune defence and might 
contribute to the maintenance of genetic variation in immune defence, body condition 
and growth rate. Interestingly, Birkhead et al. (2006) found the heritability of PHA 
response to be substantially lower (h2 = 0.22*, Table 1) than Gleeson et al. (2005), 
and although the genetic correlations between PHA response and several measures of 
condition where positive, none of them were significantly greater than zero (PHA – 
body condition: rg = 0.23, ns; PHA – body mass: rg = 0.08, ns; PHA – hematocrit: rg = 
0.08, ns). These differences in heritabilities and genetic correlations among studies 
cannot simply be explained by a low PHA measurement repeatability, as this was high 
(r = 0.90) also in the second study.  
Heritability estimates for humoral immune response (antibody response 
against diphtheria and tetanus) were low (h2 = 0.12–0.16*) but statistically significant 
(Birkhead et al. 2006). Again, genetic correlations between humoral immune response 
and condition measures were (mostly) positive (tetanus – body condition: rg = 0.47*; 
tetanus – body mass: rg = 0.40, p= 0.058; tetanus – hematocrit: rg = 0.65*; diphtheria 
– body condition: rg = 0.06, ns; diphtheria – body mass: rg = –0.08, ns; diphtheria – 
hematocrit: rg = 0.36, p= 0.06). Of particular interest is the strong negative genetic 
correlation between PHA and diphtheria response (rg = –0.54*) and, to a lesser 
degree, between PHA and tetanus response (rg = –0.28, p=0.09), which indicates that 
there is a genetic trade-off between the cellular and the humoral arm of the immune 
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correlation between tetanus and diphtheria response was positive and very strong (r
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g = 
0.98*), indicating that the same or closely linked genes contribute to the response 
against these two different antigens. No significant maternal or dominance effects on 
immune defence could be detected (Gleeson et al. 2005; Birkhead et al. 2006). 
Quantitative genetics of ornamentation 
Bill colour 
Bill colour is considered an important sexually selected trait in Zebra Finches (Burley 
and Coopersmith 1987; Zann 1996; Blount et al. 2003; Birkhead et al. 2006, but see 
e.g. Collins et al. 1994; Forstmeier and Birkhead 2004). Price and Burley (1993) 
observed moderate to high heritabilities in this colour ornament, ranging from h2 = 
0.34 – 0.73*. Very similar results were obtained in a follow-up study, in which 
offspring were cross-fostered shortly after hatching (Price 1996). In both studies a 
strong positive genetic correlation between male and female bill colour (rg = 0.91* 
(Price and Burley 1993) and rg = 0.81* (Price 1996)) was observed, indicating that to 
a large degree the same or closely linked genes contribute to variation in colour 
expression in both sexes. Interestingly, opposing selection has been found to act on 
male and female bill colour in captivity (Price and Burley 1994). Females prefer 
redder–billed males during mate choice (Burley and Coopersmith 1987; Zann 1996; 
Blount et al. 2003; Birkhead et al. 2006, but see e.g. Collins et al. 1994; Forstmeier 
and Birkhead 2004), and a male’s bill redness is significantly positively correlated 
with the number of fledglings he produces (Price and Burley 1994). Bill redness in 
females, on the other hand, was found to be negatively associated with survival and 
reproductive success (Price and Burley 1994). The positive genetic correlation 
between the sexes constrains bill colour evolution and might displace the sexes from 
their sex-specific colour optima.  
Heritability estimates of bill colour in Birkhead et al. (2006) were at the lower 
end of the range observed in Price and Burley (1993) and Price (1996), but they were 
still statistically significant. No significant environmental or genetic maternal effects 
on bill colour were observed (Birkhead et al. 2006). A strong positive genetic 
correlation (rg = 0.64–0.75*) was observed between bill colour and tetanus antibody 
response, as well as between bill colour and body condition (rg = 0.29–0.39*) 
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(Birkhead et al. 2006). Also the genetic correlations between bill colour and 
diphtheria response (r
265 
266 
267 
268 
269 
270 
271 
272 
273 
274 
275 
276 
277 
278 
279 
280 
281 
282 
283 
284 
285 
286 
287 
288 
289 
290 
291 
292 
293 
294 
295 
296 
297 
g = 0.25–0.31, ns), bill colour and PHA response (rg = 0.18–
0.24, ns), and bill colour and hematocrit (rg = -0.07–0.12, ns) were (mostly) positive 
but much weaker and not significant. The genetic correlations between ornamentation 
and immune response, between ornamentation and condition, and between condition 
and immune response (see above) are particularly interesting in the context of sexual 
selection as it shows that females that choose males with more elaborate ornaments 
during mate choice can acquire genes for their offspring that confer high 
immunocompetence. 
Bill colour is the only pigment-based ornament in Zebra Finches for which 
quantitative genetic parameters have been estimated so far. For other colour traits, 
which have been suggested to be sexually selected in this species (e.g. cheek patch 
size (Price and Burley 1994)), heritability estimates and genetic correlations are 
lacking hitherto. Also, all estimates of bill colour heritability are based on colour 
variation assessed by Munsell colour chips, whereas estimates based on reflectance 
spectrophotometry, which provides a more complete and objective measure of colour 
variation, are so far absent in the Zebra Finch literature. A quantitative genetic study 
using the latter method would not only allow to assess how measurement methods 
influence estimates of quantitative genetic parameters, but also to test for differences 
in heritability of different wavelengths (e.g. heritability of UV reflectance vs. long 
wavelengths). 
Vocalisation 
Different aspects of male vocalisation have been suggested to be indicators of male 
sexual attractiveness (or sexual motivation) in Zebra Finches (see Riebel 2009 for a 
review). Houtman (1992) found very high heritability estimates for male song rate (h2  
≥ 0.67*). Furthermore, in an early cross-fostering study, Zann (1985) observed 
significant within-family resemblance in the structure of male and female distance 
calls. More recently, Forstmeier et al. (2009) presented an extensive quantitative 
genetics study of learned and innate vocalizations in Zebra Finches, covering as many 
as 57 different traits. As a general pattern (see Table 1), they found heritabilities to be 
lowest for male song, intermediate for male calls and highest for female calls, which, 
unlike male song and male calls, are not learned but innate. For most call traits strong 
positive genetic correlations were observed between the sexes as well as between 
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body mass and vocal traits within sexes. Maternal effects, however, were found to be 
of minor importance in generating variation in Zebra Finch vocalization. 
Airey et al. (2000b) took a fascinating proximate approach to assess the 
quantitative genetic basis of male vocalisation by estimating heritabilities and genetic 
correlation of the different brain nuclei that are involved in the learning and 
production of bird song. A large high vocal centre (HVC) is associated with more 
elaborate song (Airey et al. 2000a; Airey and DeVoogd 2000; but see Forstmeier et 
al. 2009), and there is evidence for female preference for high song complexity and 
large repertoire size in a number of bird species (Searcy and Yasukawa 1996), 
including Zebra Finches (Collins 1999; Neubauer 1999; Spencer et al. 2005; but see 
Riebel 2009). Airey et al. (2000b) observed a moderately high heritability of the HVC 
nucleus, the highest structure in the song production pathway, as well as high to low 
heritabilities in other song production nuclei in the brain (Table 1). Furthermore, 
heritability estimates of the song nuclei that belong to the posterior forebrain pathway 
(HVC → RA → n12ts), specialized in song production, were somewhat higher 
compared to heritability estimates of nuclei that belong to the anterior forebrain 
pathway (HVC → Area X → 1MAN → RA), specialized in song learning (Table 1). 
Positive genetic correlations were observed between HVC and RA (rg = 0.92*), as 
well as between HVC and Area X (rg = 0.56), although the latter was not statistically 
significant (Airey et al. 2000b).  
Further support for the role of genetic or early environmental effects on song 
production and song complexity in Zebra Finches has been provided by the study of 
Hurley et al. (2008), who found significant nest-of-origin effects on neuron addition 
in HVC. These results indicate that the size of song nuclei can respond to selection 
imposed for example by female choice for elaborate song and the positive genetic 
correlations among song nuclei might further facilitate the evolutionary response to 
female preference. This process might however be limited by the positive phenotypic 
correlation between the size of song nuclei and overall brain size (Airey et al. 2000b), 
indicating that a general neural augmentation is required to achieve a higher song 
complexity. Thereby, high developmental costs associated with large brains might 
maintain honesty of elaborate song as an indicator of brain complexity (Airey et al. 
2000b). For a detailed overview of the neurobiology of zebra finch song, see London 
and Clayton (2010). 
It should be noted that in both studies discussed above, sons were reared by 
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their biological fathers. Early rearing condition, in particular parental food 
provisioning, is known to affect neural growth and song learning in birds (Novicki et 
al. 2000; Spencer et al. 2003). If better singers are also better fathers this could lead to 
a non-genetic resemblance between fathers and sons. A cross-fostering approach, in 
which sons are reared by foster fathers could be used to circumvent this problem and 
to establish the true heritable basis of different brain nuclei that are involved in the 
learning and production of bird song. 
 
Insert Table 1 and Fig. 1 around here 
Discussion 
Variation among populations 
When we compare heritability estimates of the (still surprisingly few) traits that have 
been measured in more than one population (e.g. tarsus length, body mass, see Table 
1), we find that heritability estimates can differ more than two-fold among studies. 
This raises the obvious question what is driving these differences. Before we briefly 
review the different biological explanations for this, it is worth emphasising that most 
quantitative genetic estimates are accompanied by very large confidence intervals.  
Heritability measures the relative importance of genetic and environmental 
sources of variation, and hence it does not contain any information on the absolute 
amount of genetic variation underlying a trait. Indeed, when we compare a 
standardised measure of the absolute amount of genetic variation, the coefficient of 
additive genetic variation, CVA (the square-root of the additive genetic variance 
divided by the mean trait value times 100%), the differences become less pronounced 
(Table 1), suggesting that differences in other sources of variation (e.g. environmental 
variation) may exist. The relative amount of this residual variation within populations 
and the extent to which this differs among populations is striking, and can only partly 
be explained by different effects being statistically ‘corrected’ for in the different 
studies (Wilson 2008). So while one of the main reasons for working on captive rather 
than wild animals is the high control over the environment the animals experience, 
these results suggest that environmental conditions in captivity may not be as 
standardised as one would hope for, both within and across study populations. As yet, 
formal tests comparing levels of genetic and environmental variation among different 
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captive populations are however lacking. 
Other potential sources of variation in heritability estimates among 
populations include differences in measurement errors among labs, or, unless couples 
were kept in breeding cages, differences in the rate of extra-pair paternity and egg 
dumping (for an in-depth review of the subject, see Birkhead, 2010). Birkhead et al. 
(1990) observed a low (2.4%) extra-pair paternity rate in their study population, but 
considerable amounts of egg dumping (10.9%). In a recent study, we compared the 
extra-pair paternity rate of domesticated and wild-caught Zebra Finches in an aviary 
setting and found that 12-15% of the young were sired by an extra-pair male in both 
groups (B. Tschirren et al., unpublished data). This indicates that rates of extra-pair 
paternity can vary among populations and that they can be relatively high, also in 
Zebra Finches. By not accounting for extra-pair paternity, we might therefore 
underestimate the heritability of traits and overestimate the importance of maternal 
effects (because the resemblance between mothers and their offspring is stronger than 
the resemblance between the supposed father and their offspring). Similarly, egg 
dumping by females will reduce the resemblance between offspring and their social 
parents. Given that microsatellite markers are well established for Zebra Finches 
(Forstmeier et al. 2007a), there is little excuse to rely solely on social pedigrees in any 
future quantitative genetic study in this species.  
Besides sampling variation and differences in environmental variability, 
differences in the (genetic) history of the different study populations may have 
generated substantial genetic differences among populations in both the variation of a 
trait and its mean. Indeed, Australia stopped legal exports of Zebra Finches in 1960, 
and domesticated populations held by aviculturists in Europe and North America, 
where most Zebra Finch research is performed today, might often go back to a few 
founder individuals (Zann 1996). Such genetic bottlenecks can reduce genetic 
variation within a local population. Furthermore, because founder effects occurred 
repeatedly in domesticated stocks around the world, genetic drift might have led to 
genetic differentiation among populations, as manifested in absolute differences in 
trait expression among stocks (Forstmeier et al. 2007b; Tschirren et al. 2009a).  
In an attempt to estimate the role of founder effects and bottlenecks (i.e. 
genetic drift) in shaping patterns of genetic variation within and among populations, 
Forstmeier et al. (2007b) estimated genetic variation and differentiation in putatively 
neutral microsatellite markers in captive and wild Zebra Finches. They observed 
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significant genetic differentiation among study populations, as well as between 
domesticated and wild animals. Furthermore, all captive populations had lost part of 
the genetic variation observed in wild animals. However, the extent to which neutral 
markers can provide a good measure of quantitative genetic variation within and 
among populations remains subject of debate (Reed and Frankham 2001; Leinonen et 
al. 2008), and as yet it is unknown whether similar patterns are also present in non-
neutral quantitative genetic variation. A large scale and standardised comparison of 
quantitative genetic variation in a range of traits is thus called for. 
How important are maternal effects?  
Quantitative genetic studies typically define maternal effects as any aspect of the 
maternal phenotype that affects the phenotype of her offspring in addition to the genes 
a mother passes on to her offspring (Mousseau and Fox 1998). These maternal effects 
may or may not have a genetic basis themselves. Note that this definition integrates 
all relevant aspects of maternal phenotype into a single ‘maternal performance’ 
character, but is silent on the particular mechanism by which maternal effects are 
mediated (Willham 1963; Willham 1972). Following this definition, maternal effects 
can be estimated as the resemblance among offspring raised by the same mother, over 
and above their resemblance due to shared genes. In a classical half-sib design, an 
estimate of the importance of maternal effects can be obtained from the difference in 
the variance explained by maternal and paternal identity, whereas in a parent-
offspring regression one would compare the resemblance between offspring on the 
one hand, and both their father and mother on the other (Lynch and Walsh 1998). 
Within an animal model, maternal effects can easily be modelled by including 
maternal identity as an additional random effect (Kruuk 2004). 
Whereas maternal effects have been found to be an important source of 
phenotypic variation in many systems (Mousseau and Fox 1998), the few studies that 
explicitly modelled maternal effects in the Zebra Finch have typically found them to 
be of little importance (reviewed above). At first sight this stands in stark contrast to 
the numerous studies in Zebra Finches that have documented the important role of 
maternal effects on developmental, morphological, and behavioural traits in offspring 
(see review by Griffith & Buchanan in this issue), and thereby seems to contradict the 
status of the Zebra Finch as a model species in the study of the causes and 
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consequences of maternal effects. 
While this discrepancy may seem puzzling at first sight, it is first of all 
important to realise that in a non-experimental setting the amount and structure of the 
data may simply be insufficient to reliable separate maternal effects from other 
sources of non-genetic resemblance among offspring sharing the same mother. For 
example, maternal effects are largely confounded with brood effects, and both can 
only be reliably separated when one has data on multiple broods produced by a single 
female and, ideally, multiple males. While, as mentioned earlier, cross-fostering may 
at least partly be able to address this problem, there is a rapidly growing number of 
studies demonstrating the important role of prenatal maternal effects, for example 
through the deposition of hormones into the eggs (Schwabl et al. 1997; Groothuis et 
al. 2005; Gil 2008), which cross-fostering is unable to remove.  
While this discrepancy may thus at least partly have a statistical and/or 
methodological explanation, at the heart of the apparent contradiction lies a more 
fundamental issue, namely the way in which maternal effects are defined within a 
quantitative genetic and a behavioral ecology framework. As emphasized above, the 
standard quantitative genetic model measures how much of the phenotypic variation 
we see in a population can be explained by systematic differences in maternal 
performance, with some mothers providing, for example, consistently more care to 
their offspring than others. Consequently, this will not detect those maternal effects 
associated with differential maternal investment in relation to, for example, paternal 
attractiveness (Gil et al. 1999), environmental conditions (Groothuis and Schwabl 
2002; Pilz and Smith 2004; Tschirren et al. 2004), or maternal condition (Pilz et al. 
2003; Verboven et al. 2003), which can both increase or decrease the resemblance 
among offspring from subsequent broods of the same mother. Similarly, if females 
provide more care to some of her offspring and less care to others, this will result in 
an increase in the within-brood variance. It is crucial to note, however, that although 
there is an important difference in how maternal effects are defined within 
quantitative genetics and behavioral ecology, both are not mutually exclusive, and it is 
theoretically possible to model both explicitly. This would allow testing for individual 
variation in how females adjust their investment in relation to, for example, male 
attractiveness, and whether this variation has a genetic basis (Nussey et al. 2007). 
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A brief glance over the types of traits covered in Table 1 shows the glaring absence of 
typical life-history traits like clutch size or the timing of breeding, or fitness 
components such as recruitment or survival, which are typically well represented in 
quantitative genetic studies of wild populations of, for example, Great Tits (Parus 
major) or Collared Flycatchers (Ficedula albicollis) (Merilä and Sheldon 2001). 
Unlike these extremely well studied bird species, Zebra Finches are highly nomadic, 
and have a long and highly flexible breeding season (Zann 1996). It is this 
unpredictable and nomadic nature that makes it very difficult and laborious to follow 
individual Zebra Finches in the wild and obtain reliable measures of survival and 
recruitment (also see Birkhead, 2010). Note that we by no means intend to imply that 
there is no value to the study of Zebra Finch life-history and reproductive behaviour 
in the wild. Indeed, any attempt to break through the obvious overrepresentation of 
quantitative genetic studies on philopatric hole-nesting passerines in highly seasonal 
Europe is more than welcome. In the case of the Zebra Finch, however, it may be far 
more rewarding to instead fully exploit the unique possibilities offered by the ability 
to breed Zebra Finches in captivity, which remains incredibly difficult in most other 
bird species.  
Working with birds in captivity, however, places some limitations on the type 
of questions that can be addressed. The lack of extrinsic mortality risks, such as 
predators and parasites, which are arguably among the most important selective 
pressures in the wild, together with the potential loss of genetic variation through 
inbreeding and drift (see above), can strongly bias our estimates of the strength and 
direction of selection. This bias will be particularly pronounced if captive birds are 
not (yet) adapted to the conditions under which they are being held, or if we measure 
traits that have evolved during the domestication process rather than in the birds’ 
natural environment. Not accounting for such potential biases when estimating fitness 
in captive Zebra Finches can thus lead to wrong conclusions about the evolution of 
traits and their adaptive value in their free-living conspecifics (see for example Calisi 
and Bentley 2009). Thus, whereas captive Zebra Finches, and any captive species for 
that matter, are relatively amenable to the study of sexual selection (using e.g. mate-
choice trials), we believe that they are less suitable for the study of natural selection. 
It is probably because of these difficulties that heritability estimates for life-history 
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and fitness traits are absent in the Zebra Finch literature (Table 1). 
The Zebra Finch – an avian fruit fly? 
Given recent methodological advances, together with long-term datasets rapidly 
growing in size, quantitative genetic studies of wild populations are becoming 
increasingly powerful (Kruuk et al. 2008). Hence we emphasise here that research on 
captive Zebra Finch populations should focus on questions that cannot be tackled in 
the wild. This means concentrating on traits that are difficult or even impossible to 
measure on a sufficiently large scale and over multiple generations in natural bird 
populations, like many physiological and behavioural traits. A first step in this 
direction has already been made, as demonstrated by the wide range of heritability 
estimates of morphological, physiological and ornamental traits in this species (Table 
1). Surprisingly, however, quantitative genetic estimates for social, sexual or parental 
behavioural traits still remain absent.  
In the past, quantitative genetic studies have often been of a rather descriptive 
nature, and did not do much more than reporting heritabilities and genetic 
correlations. While once just showing a trait is heritable was a worthy endeavour in 
itself, it is now generally accepted that every trait is to some extent heritable (Lynch 
and Walsh 1998). In our opinion, a more fruitful avenue of quantitative genetic 
research on captive Zebra Finches is to use estimates of heritability and especially 
genetic correlations to explicitly test predictions and assumptions made by 
evolutionary theory (Charmantier and Sheldon 2006). For example, sexual selection 
theory predicts that condition-dependent traits advertise a male’s genetic quality. This 
requires a genetic correlation between condition and, for example, 
immunocompetence. Similarly, theory would predict a genetic correlation between 
sexually selected ornaments and immunocompetence. Estimating whether these traits 
are heritable, and whether there are genetic correlations among them, thus provides a 
direct test for the idea that females may obtain ‘good genes’ for their offspring by 
mating with attractive males (see for example Gleeson et al. (2005) and Birkhead et 
al. (2006)). 
Also, by testing for the presence of a genetic correlation between female 
preference and male attractiveness one is able to estimate the potential for the 
evolution of female preference to be shaped by indirect selection. While this has been 
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attempted in a wild population (Qvarnström et al. 2006), without an experimental 
measure of female preference this is unlikely to provide any conclusive results 
(Postma et al. 2006). Given that protocols to measure both attractiveness and 
preference have been relatively well established in Zebra Finches, the fact that a 
similar analysis has not yet been performed in this species seems like a missed 
opportunity.  
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 Nevertheless, while some studies have been able to move on from just 
estimating heritabilities and genetic correlations, the unique possibilities offered by 
working on captive breeding birds have by no means been exploited fully. For 
example, there is an increasing interest in the role of the environment in shaping 
quantitative genetic parameters in natural population of birds and mammals (Wilson 
et al. 2006). However, while researchers working on data from natural populations 
typically only have naturally occurring environmental variation to work with, the 
experimental manipulation of food availability and quality, breeding density or sex 
ratio that is feasible when working on a captive system would provide much greater 
power. 
 Another important line of research that continues to gain in popularity is that 
of the quantitative genetic study of aging (Wilson et al. 2008). While this requires 
repeated observations throughout an individual’s lifetime, such data are notoriously 
difficult to obtain in natural populations. Furthermore, although senescence is indeed 
observed in the wild, most animals die before senescence becomes apparent. Not only 
does this greatly reduce sample sizes, it may also result in a biased subset of the 
population. While the absence of mortality by extrinsic factors in captivity is amongst 
the main reasons why it is so difficult to measure the strength of selection in captive 
breeding birds, this may provide a particular powerful set-up to gain a more 
mechanistic understanding of the process of senescence.  
 Finally, while the reduced levels of genetic variation due to the combined 
effects of inbreeding and drift that we may find in some populations that have been 
kept in captivity for many generations is generally considered to be an undesired 
limitation of working with domesticated animals, this view may not always be 
justified. Indeed, the careful use of (partially) inbred lines has resulted in major 
advances in range of fields, including evolutionary biology. Furthermore, in some 
research fields, such as biomedical research, genetic variation within a study 
population is considered to be a major problem (Festing 1999). Related to this, while 
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the mutant phenotypes that can be found in most captive Zebra Finch populations are 
typically treated as a mere nuisance, it is worth remembering that fruit flies continue 
to be such a powerful model species because of the existence of a wide range of 
mutations, which have been incorporated in intricate breeding design to address 
fundamental questions in genetics and evolution (Powell 1997). For example, it might 
be worthwhile to test for systematic differences amongst wild-type individuals and 
individuals carrying different mutations, some of which are known to be sex-linked, 
or to test whether females prefer some mutants over others (see Zann 1996 for a list of 
common mutations in Zebra Finches).  
Conclusions 
We hope to have convinced the reader that despite the limitations inherent to all 
captive systems, domestic Zebra Finches can provide a powerful model to address 
fundamental quantitative genetic and evolutionary questions. As yet, however, much 
of this potential remains underexploited. While the unnaturally constant 
environmental conditions under which they are usually being held, the absence of 
extrinsic mortality risks, and the reduced levels of genetic variation observed in some 
domestic Zebra Finch populations often tend be seen as negative, we believe that the 
time has come to turn these negatives into a positive. Although studies on captive 
Zebra Finches may not be able to address some of the questions that can be answered 
using data from wild birds, the reverse is equally true. Indeed, so far several studies 
have estimated heritabilities for traits that are difficult to measure in the wild on a 
sufficiently large scale. While estimates of heritabilities and genetic correlations for 
such traits are interesting in themselves, they are increasingly being employed to test 
major evolutionary predictions. So although over a decade of quantitative genetic 
studies on Zebra Finches has brought us far, many exciting possibilities remain, 
especially given the increased availability of molecular tools and the imminent 
publication of the Zebra Finch genome (see e.g. Balakrishnan et al. 2010). Hence we 
see a promising future for quantitative genetic studies on the Zebra Finch as an avian 
equivalent of the fruit fly. 
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Fig. 1. Quantitative genetic variation in morphological, physiological and ornamental 
traits sensu lato in Zebra Finches.  
Morphological traits are characterised by high relative amounts of genetic variation 
(i.e. high heritabilies, see 1A) and low absolute levels of genetic variation (i.e. low 
coefficients of additive genetic variation, see 1B). Physiological traits on the other 
hand have relatively low heritabilities and high coefficients of additive genetic 
variation. Ornamental traits are intermediate in both respects. Note that the number of 
physiological traits for which estimates are available is too low to indicate 95% 
quantiles. See Table 1 for more details. 
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Table 1. Heritability estimates (h2) and coefficients of phenotypic (CVP) and additive 
genetic variation (CVA) for morphological, physiological and ornamental traits in 
Zebra Finches.  
When not provided by the authors, the additive genetic variance was calculated as the 
product of heritability and phenotypic variance. Coefficients of phenotypic (CVP) and 
additive genetic variation (CVA) are given in percentages. Heritability estimates 
marked with an * are significantly greater than zero at the 5% level. 
Trait CVP h2 CVA Remarks Reference 
Morphology       
Body mass 11.66 0.32 * 6.43  1 
Body mass 9.68 0.68 * 7.99 Eggs cross-fostered 2 
Body mass 11.06 0.34 * 5.95  3 
Tarsus length 4.45 0.32 * 2.45  3 
Tarsus length 3.38 0.78 * 2.98 Eggs cross-fostered 2 
Body condition  n.a. 0.16 n.a. Chicks cross-fostered 4 
Body condition after exercise  n.a. 0.61 * 5.70 Eggs cross-fostered 2 
Wing length 2.98 0.48 * 2.04  3 
Head length  2.88 0.38 * 1.70  3 
Brain mass 8.26 0.49 * 5.66  1 
Telencephalon volume 12.42 0.63 * 9.64  1 
Digit ratio 3.36 0.71* 2.83 Estimate from animal 
model, eggs cross-
fostered 
5 
Sperm head length  5.56 0.48 * 3.84 Eggs cross-fostered 6 
Sperm mid-piece length 13.23 0.45 * 9.71 Eggs cross-fostered 6 
Sperm flagellum length  9.53 0.62 * 8.24 Eggs cross-fostered 6 
      
Physiology      
BMR 10.61 0.25 * 4.91  3 
Corticosterone response 25.55 0.17 * 10.40 Realized heritability, 
mean across replicates 
high selection line 
7 
Corticosterone response 30.89 0.11  11.75 Realized heritability, 
mean across replicates 
low selection line 
7 
PHA response n.a. 0.76 * n.a. Chicks cross-fostered 4 
PHA response 17.28 0.22 * 8.13 Eggs cross-fostered 2 
 29
 Diphteria antibody response 28.79 0.16 * 11.66 Eggs cross-fostered 2 
Tetanus antibody response 69.41 0.12 * 24.35 Eggs cross-fostered 2 
Hematocrit 6.99 0.38 * 4.44 Eggs cross-fostered 2 
      
Ornamentation sensu lato      
Bill colour (males) 7.98 0.45 4.69 Estimates from 
REML analysis 
8 
Bill colour (females) 16.84 0.48 11.64 Estimates from 
REML analysis 
 
Bill colour (males) 6.37 0.42 4.13  Chicks cross-fostered 9 
Bill colour (females) 8.63 0.41 * 5.53 Chicks cross-fostered 9 
Bill colour before exercise 17.96 0.33 * 9.65 eggs cross-fostered 2 
Bill colour after exercise 16.07 0.31 * 9.06 Eggs cross-fostered 2 
Song rate n.a. 0.67 * n.a. Chicks cross-fostered 10 
Multiple aspects of male song  25.00 0.11 * 6.22 Median, excluding 
voicebox traits, eggs 
cross-fostered 
11 
Multiple aspects of male call 28.25 0.19 * 9.17 Median, excluding 
voicebox traits, eggs 
cross-fostered 
11 
Multiple aspects of female call  54.78 0.62 * 11.82 Median, excluding 
voicebox traits, eggs 
cross-fostered 
11 
HVC song nucleus size 25.90 0.38 16.13 
 
 1 
RA song nucleus size  17.99 0.72 * 14.83  1 
n12ts song nucleus size 13.44 0.47 * 9.31  1 
Area X song nucleus size 18.66 0.23 9.13  1 
1MAN song nucleus size 18.85 0.18 8.20  1 
References: 1) Airey et al. 2000b; 2) Birkhead et al. 2006; 3) Rønning et al. 2007; 4) 
Gleeson et al. 2005; 5) Forstmeier 2005; 6) Birkhead et al. 2005; 7) Evans et al. 2006; 
8) Price and Burley 1993; 9) Price 1996; 10) Houtman 1992; 11) Forstmeier et al. 
2009. 
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